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CHAPTER 1. GENERAL INTRODUCTION 
 
Programmed Cell Death in Plants 
Molecular mechanisms involved in plant programmed cell death 
(PCD) have been long sought after, yet little is known in comparison to 
metazoan PCD mechanisms.  In the year 2000, the release of the first plant 
genome sequence (Arabidopsis) ignited the beginning of a search for a 
parallel cell death component in plants based on the genes and information 
discovered in animal systems.  Homology based searches against plant 
genome databases for the highly conserved catalytic portions of the well-
studied metazoan caspase genes, the executioners of the apoptotic program, 
has not resulted in any significant matches.  The only plant gene family 
closely resembling caspases is the metacaspase family, found in plants, fungi 
and protozoa, which bares significant structural similarity to caspases, but has 
not been shown to possess functional or sequence similarity (Aravind et al., 
1999; Uren et al., 2000).  Another closely related family is the paracaspases, 
found in metazoa and Dictyostelium (slime mold).  Bacteria also possess 
metacaspase-like and paracaspase-like genes, but no close relatives of the 
caspases, indicating the caspase family likely underwent an evolutionary 
progression in early metazoans after the metazoan/fungal split.  To date, no 
metacaspase or paracaspase gene has been shown to share functional identity 
with caspases, but that possibility has not yet been ruled out.  Further study of 
the substrate targets, reaction products and protein-protein interaction partners 
for these genes should help clarify their functional roles. 
Caspases, cysteine-dependent aspartyl specific proteases, possess a 
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canonical hemoglobinase fold with a highly conserved histidine and cysteine 
catalytic diad. Caspases typically possess two peptidase domains (p10 and 
p20) which form heterodimeric protease complexes upon activation by 
upstream initiator caspases or by autocatalytic processing upon induction.  
PCD in animals requires the cysteine-dependent, aspartyl protease activity of 
these caspase enzymes, and this type of enzymatic activity has also been 
found to be essential in many forms of plant PCD (Woltering et al., 2000; del 
Pozo and Lam, 1998). Additionally, many mammalian apoptotic factors 
expressed transgenically, such as human Bcl-2 and Bax have been found to 
cause congruent PCD responses in plants (Lacomme et al., 1999; Mitsuhara et 
al., 1999).  The use of caspase inhibitors were shown to block hypersensitive 
response (HR) in tobacco leaves in response to treatments with tobacco 
mosaic virus (TMV) (Lam et al., 1998).  In contrast, plant metacaspases have 
specificity for arginine and lysine residues in the P1 position of target 
substrates, as indicated by studies of metacaspases in yeast and Arabidopsis.  
Also, metacaspase activity in in vitro experiments was not inhibited by the 
common caspase inhibitors, Z-YVAD-cmk or Z-DEVD-cmk.  Metacaspase 
activity was inhibited though by the arginal protease inhibitors leupeptin and 
antipain, confirming the specificity for basic residues in the catalytic cleft of 
metacaspases (Vercammen et al., 2004).   
 In 2010, a research group focusing on plant metacaspases showed that 
two type I metacaspases in Arabidopsis were key regulators of plant PCD 
(Coll et al., 2010).  Watanabe and Lam (2011) showed that Atmc4 is a positive 
regulator of PCD brought on by abiotic and biotic stress.  Other studies have 
pointed to metacaspase involvement in plant PCD responses, notably in 
Norway spruce (Picea abies) and Tomato (Esculentum personicum)  
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(Bozhkov et al., 2005).  Metacaspase expression or activity has been found to 
be present in several different functional processes, including plant embryonic 
development and ultraviolet light (UV) or Hydrogen Peroxide (H2O2) induced 
cell death in yeast and plants (Madeo et al., 2002; Bozhkov et al., 2005).  
Induced transcripts of a type-II metacaspase in Tomato were detected in 
response to the fungal pathogen Botrytis cinerea in inoculated leaves, and the 
gene itself was present in a region of the Tomato genome harboring many 
pathogen defense related genes, such as NBS-LRR disease resistance genes 
linked to the induction of the plant HR mechanism. 
Objective 
 So far, little is known about how R gene signaling confers disease 
resistance in plants.  Rps1-k-2 is necessary for race-specific disease resistance 
against P. sojae, but the pathways and mechanisms that contribute to this 
resistance aren’t well understood.  In order to begin to unlock those pathways 
our research group has undertaken studies to find interaction partners for 
Rps1-k-2.  Once interacting genes are identified and characterized we will be 
able to define the genetic and metabolic regulation of Rps1-k-2 and also to 
diagram the pathways the gene is involved in.  The manuscript for which this 
thesis was developed from  provides findings for the interaction of a soybean 
R gene with a type II metacaspase gene. 
Thesis Organization 
 This thesis includes three chapters: a general introduction, a 
manuscript written for publication in a refereed journal, and a general 
conclusion.  Some of the information in the general introduction and 
conclusion overlaps with that of the manuscript. 
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Contributing Authors 
 Several members of the Bhattacharyya lab contributed to the data 
collection and analysis presented in the manuscript.  Dr. Hongyu Gao 
performed the yeast two-hybrid screen to identify the interacting metacaspase 
(Gmmc11) gene.  She then confirmed the full-length sequence of the gene via 
RT-PCR studies of a soybean cDNA library.  Later, other members including 
myself confirmed the sequence for the metacaspase gene at Phytozome.net, an 
online genome database resource.  Dr. Siva Swaminathan and I were involved 
in the identification of the 16 member gene family of metacaspases in 
soybean.  Dr. Gao also performed the in vitro immuno-precipitation studies of 
Rps1-k-2 and Gmmc11, and also prepared the vectors and collected data for 
the RNAi knock-down studies of metacaspase in soybean cotyledons.  All 
other data and analysis in the manuscript was mostly collected and prepared 
by myself. 
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CHAPTER 2.  A TYPE II METACASPASE INTERACTS 
WITH RPS1-K-2 IN SOYBEAN AND ANALYSIS OF THE 
SOYBEAN METACASPASE GENE FAMILY 
 
A Manuscript to be submitted 
 
James Baskett, Hongyu Gao, Siva Swaminathan and Madan K. Bhattacharyya 
 
Abstract 
 
 Soybean suffers from the root and stem rot disease caused by the 
oomycete pathogen, Phytophthora sojae. A series of Rps genes confer 
Phytophthora resistance, and have been utilized in fighting this serious disease 
in soybean. Earlier we reported the cloning of the coiled coil-nucleotide 
binding-leucine rich repeat gene, Rps1-k-2. Here we report the identification 
of a type II metacaspase, Gmmc11 that interacted with the coiled-coil 
(CC) domain of Rps1-k-2 in vivo in yeast.  The interaction was verified by 
conducting in vitro pull down assays in unpublished work.  RNA interference 
of Gmmc11 in cotyledons resulted in loss of Phytophthora resistance. Gmmc11 
is comprised of N-terminal p20 caspase-like subunit, a linker region and a C-
terminal p10 caspase- like subunit. Gmmc11 is processed in a non- Rps1-k-
specific manner following P. sojae infection, and also in response to abiotic 
stress. The p10 subunit interacts with the Rps1-k-2 CC domain.  Gmmc11 
is strongly upregulated in response to salt stress.  The soybean metacaspase 
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gene family was identified and expression data suggests that Gmmc11 is 
constitutively expressed throughout the plant, with highest expression in the 
roots, the common entry target of P. sojae pathogen attack.   
 
 
Introduction 
 
 Programmed cell death (PCD) is a genetically controlled, organized 
cell suicide process. It occurs in all eukaryotes and is essential for 
development and survival against pathogen invasion and other external 
stimuli (Greenberg and Yao, 2004; Pennell and Lamb, 1997). PCD is 
synonymous with apoptosis in animals. PCD shares several morphological 
and biochemical features with apoptosis (Greenberg, 1996; Levine et al., 
1996; Woltering et al.,2002). Therefore, it is thought that some of the 
components of the cell death machinery are conserved in both apoptosis 
and PCD. 
PCD in metazoans is executed by caspases, a family of cysteine 
proteases with absolute aspartate specificity (Cohen, 1997). Considerable 
evidence has confirmed the existence of caspase-like activity in plants. For 
example, oxidative stress that activates PCD in  soybean cells induces 
several cysteine proteases.  Inhibition of the activities of these cysteine 
proteases by cystatin blocks PCD initiated by pathogen or reactive oxygen 
species (Solomon et al., 1999).  Caspase-like activity was detected in 
tobacco in response to tobacco mosaic virus (del Pozo and Lam, 1998).  Two 
serine proteases displaying caspase- like activity were identified in oat 
during victorin toxin-induced cell death (Coffeen and Wolpert, 2004).   No 
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homologs for caspases have yet been identified in plants, and vacuolar 
processing enzymes (VPEs) and metacaspases have been proposed to be 
functional analogs of caspases in plants (Hatsugai et al., 2004; Hatsugai et 
al., 2006; Woltering et al., 2002). 
Vacuolar processing enzymes cleave peptide bonds at the C-terminal 
side of aspartate and asparagine residues and have been shown to be 
involved in both disease resistance and seed  developments  (Hatsugai  et  
al.,  2004;  Hatsugai  et  al.,  2006;  Nakune  et  al,  2005). Although VPEs 
show aspartate-specific cysteine protease activity like caspases in mammals, 
very little sequence similarities between the two enzymes is observed 
(Hatsugai et al., 2006). Furthermore, it has been shown that in many plant 
PCD pathways the vacuole is involved, via the membrane bound VPEs with 
caspase-1 like activity (Hatsugai et al, 2006). 
Metacaspases, a family of distant relatives of caspases, have been 
identified in plants, fungi and protozoa through Position-Specific Iterative 
Basic Local Alignment Tool (PSI-BLAST) searches (Uren et al., 2000). 
Plant metacaspases are classified into type I and type II based on structure. 
Proline- or glutamine- rich  N-terminal  prodomain  of  type  I  
metacaspases containing  a  zinc  finger  motif  is analogous to the 
prodomain of mammalian initiator caspases. Type II metacaspases lack the 
prodomain (Uren et al., 2000; Vercammen et al., 2004). In Arabidopsis, 
three type I (Atmc1-3) and  six type  II (Atmc4-9) metacaspases were 
identified.  Atmc1 and Atmc2 have been shown to be involved in pathogen-
response PCD as positive and negative regulators respectively, with their 
LSD1 domains required for their functionality (Dangl et al., 2011).  Atmc1, 
Atmc4, Atmc5 and Atmc9 are cysteine proteases and they cleave substrates 
after arginine and lysine residues (Vercammen et al., 2004; Watanabe and 
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Lam, 2005). Atmc1 and Atmc5 activate apoptosis- like cell death in yeast 
(Watanabe and Lam, 2005). Involvement of a type II metacaspase, mcII-
pa, in PCD during embryogenesis in Norway spruce has been documented 
(Bozhkov et al., 2005). McII-pa executes PCD through a cysteine-
dependent arginine-specific proteolytic activity. 
Involvement of type II metacaspases in disease resistance has 
recently been suggested for several plant species.  Watanabe and Lam 
(2011) provided evidence that Atmc4 is a positive mediator of biotic and 
abiotic stress-induced PCD.  A tomato type II metacaspase is upregulated 
following infection with Botrytis cinerea (Hoeberichts et al., 2003). Atmc5 
and Atmc4 are rapidly induced in Arabidopsis following infection with 
bacterial  pathogens (Watanabe  and  Lam,  2005). Through virus-induced 
gene silencing of a type II Nicotiana benthamiana metacaspase, NbMCA1, 
Hao et al. (2007) have shown that silencing of the gene enhanced the 
lesion development following infection with Colletotrichum destructivum, 
fungal pathogen of cowpea, but not the bacterial Pseudomonas syringae 
pv. tomato. 
More than 60 disease resistance (R) genes conferring resistance to 
various pathogens have been isolated (Martin et al., 2003; H. Gao and 
M.K. Bhattacharyya, unpublished). A majority  of  the  plant  R  gene  
products  contain  the  nucleotide  binding  ARC  (NB-ARC) domain that 
share similarities with those of human Apaf-1 (apoptosis protease-activating 
factor-1) and Caenorhabditis elegans CED-4 (Van der Biezen and Jones, 
1998). The NB- ARC domain in Apaf-1 and CED-4 links to an N-terminal 
CARD (CaspAse Recruitment Domain) motif that recruits caspases.  Apaf-
1 is the key element in the mammalian apoptotic machinery. It interacts 
directly or indirectly with a number of proteins (Campioni et al., 2005). 
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However, the functional significance of the structural homology between 
plant R gene products and Apaf-1/CED-4 remains to be explored. 
We previously reported the cloning of Rps1-k-2 in soybean, a coiled 
coil-nucleotide binding-leucine rich repeat-type resistance gene that 
confers resistance against P. sojae (Gao et al., 2005). In order to 
understand the mechanism of Phytophthora resistance in soybean, yeast 
two-hybrid screens were carried out to identify signal transduction factors 
that interact with Rps1-k-2. A cDNA clone encoding a type II metacaspase, 
Gmmc11, was isolated in one of these screens. RNA interference (RNAi) 
of Gmmc11 in cotyledons transformed with Agrobacterium rhizogenes 
resulted in decreased Rps1-k-2-mediated resistance. The C- terminal P10 
caspase-like subunit of Gmmc11 interacts with CC domain of Rps1-k-2 
potentially to guard Gmmc11 or to mediate PCD, which is manifested as 
hypersensitive response (HR) cell death in the expression of Phytophthora 
resistance. 
 
 
Materials and Methods 
 
 
Plant Materials 
 
Soybean seedlings of Williams and Williams 82 were grown in 
coarse vermiculite in a Conviron Growth Chamber in the Agronomy Hall 
at Iowa State University (Bhattacharyya and  Ward,  1986).  Seedlings  
were  watered  once  on  day 3.  On day 7 cotyledons were harvested for 
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A. rhizogenes-mediated transformation. Williams 82 seedlings were also 
grown in dark for 7 days according to Ward et al. (1979). 
 
Yeast Two-Hybrid Screen 
 
LexA-based yeast two-hybrid system was performed in this study. 
All bait constructs including  CC,  NBS  and  LRR  domains,  CC  and  
NBS  and  NBS  and  LRR  domain combinations were PCR amplified 
and cloned into the BamHI-XhoI sites of the bait vector pLexA (Clontech 
Laboratories, Inc., Mountain View, CA). All the primers used for cloning 
the  bait  constructs are  presented  in  Table  1.  A  yeast  two-hybrid  
cDNA  library  was constructed using the pBluescript II XR cDNA library 
construction kit (Stratagene, La Jolla, CA). Briefly, total RNA was 
prepared from infected etiolated Williams 82 hypocotyl tissues harvested 2 
and 4 hours following inoculation with P. sojae. Poly(A+) RNA was 
extracted using the poly(A)tract mRNA isolation system III (Promega, 
Madison WI). The ready EcoRI/XhoI cut cNDAs were cloned into the 
EcoRI/XhoI sites of the vector pB42AD. 
Yeast two-hybrid screen was performed in yeast strain EGY48 
(Clontech, Mountain View, CA) with two reporter genes LEU2 and LacZ 
(Clontech, Mountain View, CA). Individual  bait  was   first  transformed   
into  EGY48/pSH18-34.   Auto-activation assay, repression assay and 
leucine requirement test were conducted to test the suitability of the bait for 
yeast two-hybrid screen.  The prey cDNA library was then screened with 
the bait. Double transformants  were  selected  for  further  characterization  
based  on  growth  on  synthetic medium (SD) lacking leucine, tryptophan, 
histidine and uracil, and development of a substantial blue color change as 
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an indication of the expression of the LacZ reporter gene when grown 
on 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal) plates 
lacking tryptophan,  histidine  and  uracil.  Positive clones were sequenced 
with pB42AD specific primer (5’-
CCAGCCTCTTGCTGAGTGGAGATG-3’). Each sequence was queried 
against the GenBank/EMBL/DDBJ databases using the BLASTX 
algorithm (http://www.ncbi.nlm.nih.gov/BLAST/). 
 
Generation of RNAi Vectors 
 
A fragment representing the linker region of Gmmc11 was 
amplified by PCR using primers 5’-
GCTCTAGACTCGAGTGGAGCTAAGGAGCAGATAG-3' and 5’- 
CCATCGATGGTACCACCACCATCATCACTTGAATC   3’.   The   
PCR   products   were cloned in the pHANNIBAL vector as inverted repeat 
that are separated by a PDK (pyruvate orthophosphate dikinase) intron 
sequence (Wesley et al., 2001). The NotI fragments from pHANNIBAL 
containing ihp-cDNAs were then subcloned into the binary vector 
pART27:GFP. The pART27:GFP vector was obtained by cloning the 
35S:GFP from p35S- GFP (Clontech, Mountain View, CA) into the SacI 
site of pART27 (Wesley et al., 2001). The Gmmc11 RNAi construct 
pART27GFP_Gmmc11 was sequenced to confirm the correct orientation as 
inverted repeat. 
 
Agrobacterium rhizogenes Manipulation 
 The A. rhizogenes strain K599 was kindly provided by Dr. Thomas 
Baum, Iowa State University.  Empty vector  pART27GFP  and  the  vector  
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pART27GFP  harboring Gmmc11 RNAi constructs were transformed into 
the A. rhizogenes strain K599 by freeze-thaw transformation method (An et 
al., 1988). Gmmc11-RNAi construct and the empty vector in A. rhizogenes 
were grown in 10 ml LB at 28°C with shaking at 250 rpm for two days. 
Before inoculation of the wounded cotyledons, the cultures were pelleted and 
the cells were resuspended in 10 mM MgSO4 (OD600 =~ 0.3) (Subramanian 
et al. 2005). 
 
A. rhizogenes-Mediated Transformation of Soybean Cotyledons 
 Soybean cotyledons were transformed with A. rhizogenes as 
follows. Individual cotyledon was  first  surface  sterilized  with  North  
O/H  Pak  alcohol wipes  (North  Safety Products, Cranston, RI). The 
petiole-adjacent surfaces of the cotyledons were wounded with a 200 µl 
pipette tip. The wounded cotyledons were then placed on Petri plates (9 cm 
in diameter) containing sterile Whatman filter papers moistened in 3.0 ml 
sterile ddH2O. 20 µl A. rhizogenes  suspension  in  10  mM  MgSO4   was  
added  into  the  circular  holes  made  in individual cotyledons. Plates 
were then wrapped with Para film and cultured at 22°C with a 12 h light 
cycle of ~150 µ Es light intensity.  Soybean seedlings were typically grown 
in coarse vermiculite in a conviron growth chamber for 1 week before 
harvesting cotyledons for transformation. 
 
Infection of A. rhizogenes Transformed Cotyledons with P. sojae 
P. sojae isolate CC5Cwas grown on lima bean agar plate in dark at 
22oC.  Seven- day old P. sojae was used for infection. Four weeks 
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after transformation of cotyledons with A .rhizogenes  K599  carrying 
either the control  pART27GFP  vector  or  the pART27GFP_Gmmc11 
construct for silencing Gmmc11, a small piece (~ 2 mm × 2 mm) of lima  
bean  agar  containing  P.  sojae  mycelia  was  placed  on  the  site  of  
transformation. Seventy-two hours after P. sojae infection, the number of 
susceptible and resistant cotyledons were recorded and pictures were 
taken. 
 
RT-PCR 
 Total RNA was isolated from soybean cotyledons and dark-grown 
hypocotyls using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). For 
RT-PCR experiments, RNA samples were first treated with RNase-free 
DNase (Promega, Madison, WI). cDNAs were synthesized from  total 
RNAs using M-MLV reverse transcriptase (Promega, Madison, WI). 
Primers used for Gmmc11 were: 5’- 
GCTCTAGACTCGAGTGGAGCTAAGGAGCAGATAG-3' and 5’- 
CCATCGATGGTACCACCACCATCATCACTTGAATC  3’.  Soybean  
Actin1 and elf1B  genes were used as an internal control. The primers used 
for soybean Actin1 gene were: 5’- CCCCTCAACCCAAAGGTCAACAG-
3’ and 5’-GGAATCTCTCTGCCCCAATTGTG–3’.  The primers for elf1B 
were: 5’- CACACCGAAGAGGGCATCAAATC-3’ and 5’-
CTCAACTGTCAAGCGTTCCTCAAC-3’. 
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Antibody Production and Western Blot Analysis of Gmmc11 p10 and p20 
Subunits 
 Recombinant Gmmc11 p10 and p20 subunits were cloned and 
expressed in the pRSETC vector in E. coli BL21(DE3)pLysS cells and 
induced with IPTG and electrophoresed across an SDS-polyacrylamide gel.  
The Coomassie blue stained gel was cut and bands were taken to the Iowa 
State Hybridoma Facility for injection into mice.  Polyclonal sera from 
harvested mouse tissue were tested via ELISA with the induced protein 
extracts produced from the bacteria. 
 
Western  Blot  Analysis  of  Protein  Extracts  from  P.  sojae  Infected  
and  Uninfected Soybean Tissues 
Soybean cv. Williams and Williams 82 seedlings were grown under 
dark conditions.  P. sojae race 18 was grown in the dark at 22oC, and 
zoospores were prepared from 6-day-old cultures (Ward et al., 1979). 
Seven-day old etiolated hypocotyls were infected with the zoospores 
(Ward et al., 1979).  Proteins from infected and uninfected soybean 
hypocotyls were extracted with 100 mM KPO4 (pH  7.8),  1  mM  
EDTA,  1%  Triton  X-100  and  10%  glycerol.  Protein concentrations 
were measured using absorbance at 280 nm. Equal amount of proteins were 
subjected to 12.5% SDS-PAGE and blotted onto a PVDF membrane. The 
membrane was probed with anti-mcII-Pa (1:7,500 dilution) and then 
hybridized to an anti-mouse horseradish peroxidase-conjugated IgG 
(1:3,000 dilution). Signals were visualized using Western Blue stabilized 
substrate for alkaline phosphatase (Promega, Madison, WI). 
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 Results 
 
 
Gmmc11 Is a Type II Metacaspase 
To obtain the full-length cDNA sequence of Gmmc11, initially a 
gene-specific primer was designed to conduct 5’-rapid amplification of 
cDNA ends (RACE). Several independent clones were sequenced.  A clone 
carrying the longest sequence with complete identity to CC50 was 
selected for further study. This sequence was later confirmed by BLAST 
searches at the online soybean genome database at Phytozome.com after 
this service became available and is identified as Glyma08g25150. 
 Gmmc11 encodes a protein of 424 amino acids with a theoretical 
molecular mass of 45.95 kDa. Based on the sequence identity of the 
protein with the nine metacaspases from Arabidopsis and mcII-Pa from 
Norway spruce, along the phytozome gene annotation, we concluded 
that it is a type II metacaspase (Bozhkov et al., 2005; Vercammen et 
al., 2004).  Based on sequence analysis with other type II genes it is likely 
the arginine residue at position 187 (R187) separates an N-terminal 
p20 caspase-like subunit and a C-terminal type II metacaspase-specific 
linker; the Lys residue at position 271 (K271) separates the linker 
sequence from the C-terminal p10 caspase-like subunit (Figure 1). The 
enzyme contains a conserved Cys-His catalytic diad. The sequence 
context of the catalytic histidine residue in Gmmc11 is HYSGHG and 
that of the catalytic cysteine is DSCHSG, also agreeing with 
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previously reported metacaspase catalytic site sequences (Vercammen 
et al., 2004). Mutation (C139A) of the full-length Gmmc11 protein at 
its catalytic site abolished its autocatalytic processing in prokaryotic 
overexpression lysates (Figure 2). This feature is common to most type 
II plant metacaspases as well as mammalian executioner caspases 
(Earnshaw et al, 1999). 
 
Silencing of Gmmc11 compromises resistance against P. sojae 
To investigate the role of Gmmc11 in Rps1-k-2-mediated race-
specific Phytophthora resistance, Gmmc11 was silenced by conducting 
RNA interference (RNAi). RNAi has been applied successfully in 
soybean to silence two isoflavone synthase (IFS) genes (Subramanian et 
al., 2005). Here, we adopted and modified this previously reported 
RNAi procedure for silencing IFS genes. A segment of Gmmc11 (502 bp 
from position 438 to 939) was cloned in the pHANNIBAL vector in both 
sense and antisense orientations separated by the PDK intron (Wesley 
et al., 2001). The resulting plasmid was sequenced to ensure that 
Gmmc11 was cloned as an inverted repeat. The NotI fragment from 
pHANNIBAL containing the Gmmc11-RNAi fragment was then moved 
into the binary vector pART27:35SGFP and pART27GFP_Gmmc11 
plasmid was generated.  Cotyledonary tissues of the soybean cultivar 
Williams 82 were transformed with the A. rhizogenes strain K599 carrying 
pART27GFP_Gmmc11 to silence Gmmc11 expression.  Cotyledonary 
tissues of Williams 82 transformed with A. rhizogenes strain K599 carrying 
pART27:35SGFP served as control.  
The effects of RNAi can be systemically spread (Voinnet, 2005). For 
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example, silencing of a β-glucuronidase (GUS) gene in soybean 
cotyledonary tissues distal to the transformed sites was observed 
(Subramanian et al., 2005). One week after transformation with A. 
rhizogenes K599 carrying pART27GFP or the pART27GFP_Gmmc11 
construct at the petiole end of the upper surface of the cotyledon, the tissues 
were inoculated with P. sojae isolate CC5C at the distal end of the 
smooth surface of the cotyledon. 
As shown in Figure 3, when empty pART27GFP vector-
transformed cotyledons of Williams 82 were infected with P. sojae isolate 
CC5C, most of the cotyledons had less visible disease symptoms as 
compared to the ones treated with pART27GFP_Gmmc11.  This 
observation suggested that Gmmc11 is involved to a significant degree in 
the expression of Rps1-k-2-mediated Phytophthora resistance.  
To determine the extent of RNAi-mediated Gmmc11 silencing, an 
RT-PCR approach was applied to determine the steady state transcript 
levels of Gmmc11. Independent transformed cotyledons carrying the 
pART27GFP_Gmmc11 construct were used in RT-PCR analyses. In over 
60% of the cotyledons, the expression of Gmmc11 was significantly 
reduced (Supplemental Figure 1). 
 
Metacaspases Are Processed In the Infected Soybean Tissues 
The steady state Gmmc11 levels in infected and uninfected 
etiolated soybean hypocotyl tissues were investigated by western blot 
analysis.  The E. coli expressed recombinant Gmmc11 protein cross reacted 
to the Norway spruce anti-mcII-Pa antibody. Two major protein bands 
were detected at 2 h following treatment of etiolated hypocotyls with water 
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droplets (Figure 4). Four hours following water droplet treatment, protein 
bands were processed to smaller peptides. This suggested that in response 
to the abiotic stress which developed during incubation of etiolated 
hypocotyls with water droplets in glass trays under darkness, Gmmc11 
and/or related metacaspases are processed most likely to circumvent the 
stress conditions. Processing of Gmmc11/metacaspases was much more 
rapid in P. sojae- infected tissues.  In the incompatible interaction, 
processed small p10-like molecular peptides were detected 2 h following 
infection (Figure 4).  Presumably, the intact Gmmc11/metacaspase proteins 
are processed to p10-like and p20-like subunits in the same fashion the 
prodomain caspases are cleaved to active P10 and P20 subunits through 
proteolysis.  Cleavage was rapid under biotic stress, specifically in the 
incompatible interaction, regulated by Rps1-k-2 and the corresponding P. 
sojae Avr1k protein.   Gmmc11/metacaspase was cleaved into p20 and p10 
subunits following P. sojae infection even in the cultivar Williams, which 
is near- isogenic to Williams 82 but does not contain Rps1-k-2. Therefore, 
cleavage of Gmmc11/metacaspase was unlikely Rps1-k-dependent. 
 
Rps1-k-2 CC Domain Preferentially Interacts With the Gmmc11 P10 
Caspase-Like Subunit 
To determine the nature of the physical interaction of Rps1-k-2, its 
domains and domain combinations with Gmmc11 and its two subunits p20 
and p10, we applied a yeast two- hybrid approach.  Three individual 
domains of Rps1-k-2, the N-terminal CC domain, the NB-ARC domain 
and the C-terminal LRR domain, as well as domain combinations, CC and 
NB-ARC, NB-ARC and LRR, and Rps1-k-2 open reading frame (ORF) 
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in pLexA vector were applied to study their interactions with Gmmc11. 
Gmmc11 ORF, p20, p10, and CC50 were cloned into the pB42AD 
vector for this in vivo interaction study.  pLex-Lam containing 400 bp of 
the human Lamin C gene served as the negative control.  The results are 
presented in Figure 5. The interactions of CC domain with p10 and 
CC50 were the strongest.  CC50 includes a part of p20, the linker region 
and p10 (Figure 3). Both Gmmc11 ORF and p20 interacted weakly to the 
CC domain. Weak interactions of P10 subunit and CC50 were also 
observed with NB-ARC domain and CC NB-ARC domain combination 
(Figure 5B). 
 
Identification of the Soybean Metacaspase Gene Family 
The nine Arabidopsis metacaspase genes were blasted against the 
soybean genome database at Phytozome.net to identify their soybean 
counterparts.  Sixteen genes showing significant homology were found.  Of 
these, 10 have been putatively tabbed as type I, with highest homology to 
Arabidopsis type I genes.  Of these, four possess the hypersensitive 
response- regulating LSD zinc finger prodomain that is present for all 
Arabidopsis type I metacaspases (Table 2). Gmmc7 is a truncated gene that 
carries only a p20-like domain with no p10 subunit or prodomain.  No 
expression of this gene has been detected.  Three of the predicted genes 
(Gmmc7, Gmmc9, Gmmc10) have peptide sequence predictions without a 
methionine initiation codon, which suggests they are post-translationally 
processed or perhaps not expressed at all.  Microarray data analysis largely 
confirms the lack of expression of these genes.  The relatively larger gene 
number for the soybean  metacaspase gene family is likely attributable to a 
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greater number of genome duplication events in the legume’s past relative 
to other plant families with genome-sequenced members.  Sequence 
analysis of type II Arabidopsis metacaspases revealed the presence of a 
longer and variable linker region in between the N-terminal p20 domain 
and C-terminal p10.  Soybean type II genes share this hallmark feature.  
There was a clear delineation of the type I’s and type II’s in the 
phylogenetic tree generated from ClustalW alignment of the combined 
Arabidopsis and soybean  metacaspase genes (Figure 6). 
 
Gmmc11 is Upregulated in Response to Salt Stress 
Williams 82 soybean seedlings grown in vermiculite were exposed 
after 7 days to common plant abiotic and hormone stressors including cold, 
dark, abscissic acid (ABA), jasmonic acid (JA), salicylic acid (SA), sodium 
chloride, and ultraviolet (UV) light.  Studies of metacaspase expression in 
Arabidopsis have been performed and revealed modest changes for the 
nine A. thaliana metacaspases, aside from Atmc8 which is upregulated in 
response to UV light (He et al., 2008).  Atmc4, the metacaspase most 
homologous to Gmmc11 (Watanabe and Lam, 2011) had relatively little 
expression differences, whereas Atmc5, the next most homologous to 
Gmmc11 showed slight induction with salt and jasmonic acid treatment.  
The expression pattern of Atmc5 was in fact highly comparable to the one 
reported here, with Gmmc11 showing immense induction with salt 
treatment as well as modest upregulation with JA and ABA (Figure 7).  
The western blot mostly confirmed the upregulation for these stressors, 
although it suggested a more modest upregulation in salt conditions (Figure 
8).  Gmmc11 was probed with polyclonal mouse antibodies produced from 
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the p10 and  p20 subunits.  Due to the high similarity between soybean 
metacaspase subunits across the 16 gene family members we expect a 
significant amount of cross-reactivity with the probe, much like our 
Norway spruce metacaspase antibodies.  Interestingly, the western also 
showed increased protein expression in response to cold stress.  Atmc4 and 
other type II metacaspases have been shown to be calcium-dependent for 
their enzymatic activation and autoprocessing.  Consequently it is not 
surprising to us that Gmmc11 is highly induced upon salt treatment because 
salt stress has been shown to involve a rapid increase in intracellular 
calcium release as well as display other hallmark signs of PCD (Knight et 
al. 1996, 1997).   
 
Metacaspase Expression Analysis 
Online (from Soybase Soyseq, Genevestigator) and in-house 
soybean microarray data was mined for metacaspase expression patterns. 
The data available covers a broad range of conditions, from presence in 
common plant tissues to various pathogen response experiments. The data 
is summarized in Table 3.  Several reports have attributed metacaspase 
expression to responses to plant stress and disease (Hao et al., 2007; 
Hoeberichts et al., 2003; Watanabe and Lam, 2011).  Notably, a type II 
metacaspase in tomato (L. esculentum) was shown to be greatly 
upregulated following inoculation with the fungal pathogen Botrytis 
cinerea (Hoeberichts et al., 2003).  Knockout mutants of Arabidopsis type 
II genes displayed statistically significant reduction in cell death 
phenotypes in response to pathogen inoculation (He et al., 2008, Watanabe 
and Lam, 2011).  Differential expression of soybean metacaspase genes 
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was detected in several pathogen-host experiments.  In one experiment 
with the susceptible Harosoy cultivar, Gmmc11 was downregulated 7.17 
fold 48 hours after inoculation with pathogen.  Gmmc4, Gmmc13 and 
Gmmc16 were also downregulated to a lesser degree. Interestingly, 
Gmmc1, a type I metacaspase bearing an LSD prodomain was upregulated 
4.78 fold.  In this experiment all type II metacaspases for which data was 
available were found to be downregulated.  This may suggest that Gmmc1 
is upregulated by the pathogen due to its function as a negative regulator of 
PCD like Atmc2, while the type II metacaspase genes are mostly 
downregulated due to their potential functional similarity to mammalian 
executioner caspases as positive regulators of PCD.  Based on the data as a 
whole, it is reasonable to believe that metacaspases are involved in disease 
resistance in soybean.  Of the 16 metacaspase genes in soybean, 7 genes 
appear to be regularly expressed in various tissues based on the Soyseq 
data: Gmmc1, Gmmc2, Gmmc4, Gmmc11, Gmmc12, Gmmc13 and 
Gmmc16.  Of these genes, all but Gmmc16 had its greatest expression in 
roots.  The two soybean metacaspase genes (Gmmc12 and Gmmc13) with 
the highest similarity to Gmmc11 had very similar expression patterns to 
Gmmc11.  All three are type II and appear to be constitutively expressed in 
different parts of the soybean  plant, with abundant expression in roots. 
 
 
Discussion 
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Gmmc11 Interacts With Rps1-k-2 
Several proteins are shown to interact with R proteins for expression 
of plant immunity. Here we  demonstrated  the  interaction  between  
Gmmc11,  a  type  II metacaspase,  with  the N- terminal 144 amino acids 
carrying the coiled-coil (CC) domain of Rps1-k-2. This is the first study 
reporting the interaction between a plant R protein and a type II 
metacaspase. It is not known whether type II metacaspases interact with 
other plant R proteins. 
The majority of R proteins share an  NB-ARC domain. This group 
of proteins also shares a structural similarity to Apaf-1/CED-4 genes that 
are involved in apoptosis (Van der Biezen and Jones, 1998).  A clear 
model for the function of Apaf-1/CED-4 in the metazoan apoptosome has 
been established.  In response to an apoptotic stimulus, cytocrome c is 
released from mitochondria and binds to the cytosolic Apaf-1.  In the 
presence of dATP, Apaf-1 forms an active ternary complex with Bcl-Xl 
and caspase-9 and oligomerizes via an intra-molecular interaction in the 
NB-ARC region.  Oligomerized Apaf-1 then recruits and activates 
procaspase 9, which in turn recruits and activates caspases 3, 6, 7 and 
engages a cascade of proteolytic events (Campioni et al., 2005).  Apaf-1 
interacts directly with procaspase 9 via their CARD domains.  Caspase 
3 carrying no prodomains does not interact directly with Apaf-1 (Li et 
al., 1997). Whether R proteins and Apaf-1/CED-4 are functionally related 
due to their sequence and structural similarities is yet to be investigated. 
In this study, we have shown the interaction between the N-
terminal CC domain of Rps1-k-2 with the C-terminal p10 subunit of a 
type II metacaspase, Gmmc11.  Like mammalian executioner caspase-3, 
Gmmc11 does not possess a prodomain. The interaction observed between 
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Gmmc11 and Rps1-k-2 is distinct from the one observed between Apaf-1 
and procaspase 9. The CARD domain of Apaf-1 interacts with the N-
terminal CARD prodomain of procaspase 9 (Qin et al. 1999).  Although 
we observed strong interaction between the p10 subunit and CC domain, 
weak interaction of p10 subunit with NB-ARC domain was also observed 
(Figure 5B).  Mutational analyses will be required to determine the possible 
importance of the weak interaction of Gmmc11 with NB-ARC domain that 
shows similarity to the ‘adaptor protein’ like Apaf-1 and Bcl-2 (Van der 
Biezen and Jones, 1998).  Because the Gmmc11-p10 peptide strongly 
interacted with Rps1-k-2 CC domain we hypothesize that the role of Rps1-
k-2 is to monitor metacaspase processing and initiate PCD if pathogen 
effectors have interfered with or suppressed metacaspase function in disease 
response. 
 
Silencing Of Gmmc11 Abolishes Rps1-k-2-Mediated Phytophthora 
Resistance 
The A.rhizogenes-mediated transformation procedure has been   
proven to be ideal for investigating gene function in soybean (Cho et al., 
2000; Subramanian et al., 2005). Applying the A. rhizogenes-mediated 
transformation in soybean cotyledons, we were able to show that Rps1-k-2-
mediated Phytophthora resistance was altered in Gmmc11-silenced soybean 
cotyledons (Figure 3). We have also found that Gmmc11 and/or other 
soybean metacaspases are induced immediately following P. sojae infection 
(unpublished work). 
Due to the presence of highly homologous metacaspase gene 
sequences in the soybean genome, development of a highly specific RNAi 
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strategy for Gmmc11 was difficult.   RNAi is highly target sequence-
specific. In order to eliminate or reduce the possible down-regulation of 
related Gmmc11 gene sequences, we targeted the highly variable linker 
sequence for silencing Gmmc11.  If the RNAi effect does extend though to 
other type II metacaspases the results are likely still informative, especially 
considering the most closely related type II soybean metacaspases share 
the constitutive expression pattern suggested by the microarray data, with 
increased levels in roots, and very similar expression patterns in response 
to pathogen inoculation. 
Possible involvement of metacaspases in the expression of disease 
resistance has been suggested in several studies. In Arabidopsis, all type I 
metacaspases and two type II metacaspases (AtmcP2b/Atmc5 and 
AtmcP2d/Atmc4) were shown to induce rapidly following infection with 
bacterial pathogens (Watanabe and Lam, 2005). The tomato type II 
metacapase LeMCA1 was shown to induce upon infection with Botrytis 
cinerea. LeMCA1 is located at the tomato SW5 locus. Both SW5-a and 
SW5-b contain a NB-ARC domain (Hoeberichts et al., 2003).  Whether 
LeMCA1 interacts with either SW5-a or SW5-b is not known.  Recently, 
through virus-induced gene silencing of a type II Nicotiana benthamiana 
metacaspase, Hao et al. (2007) have shown the importance of the enzyme 
in resistance of N. benthamiana against Colletotrichum destructivum but 
not Pseudomonas syringae pv. tomato. 
 
Regulation of Gmmc11 and Rps1-k-2 in the Soybean-P. sojae Interaction 
 
Yeast two-hybrid interaction studies presented here suggest possible 
regulation of two important proteins involved in the expression of 
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Phytophthora resistance in soybean. Firstly, screening of over a million 
independent cDNA molecules in the prey library did not result in 
identification of any proteins that interact with Rps1-k-2 ORF. This is not 
surprising to us as R genes have been historically untenable interaction 
baits.  Based on the Apaf-1/Caspase-9 model in combination with the 
“guard hypothesis” for intracellular plant R gene function, we could predict 
that Rps1-k-2 and Gmmc11 form an interaction complex whereby Rps1-k-2 
“guards” or monitors the activity of Gmmc11 via its p10 subunit, and 
perhaps the p10 subunits of other soybean metacaspase proteins.  In this 
manner it could regulate the defense response-enhancing pathways that 
Gmmc11 is involved with or serve as an activation platform for the 
Gmmc11 zymogen’s autoprocessing and initiation of downstream signaling 
processes along with any inhibitory proteins analogous to mammalian Bcl-
Xl family proteins. 
An intramolecular interaction in the regulation of Gmmc11 function 
can also be hypothesized based on the interaction of Gmmc11 with the 
Rps1-k-2 CC domain.  Gmmc11 ORF or p20 subunit failed to interact with 
CC domain.  In addition to p10, CC50 containing a part of p20 subunit, 
the linker sequence and p10 subunit (Figure 1) interacted with CC 
(Figure 5A). These data suggested that p10 contains the necessary 
residues for interaction with CC domain.  Interaction of CC50, but not of 
Gmmc11 ORF with CC, suggested that through intramolecular interaction 
of the N-terminal sequence with the p10 subunit, the CC binding pocket of 
p10 subunit is hidden in Gmmc11 ORF.  Because of intramolecular 
interactions, both Gmmc11 and Rps1-k-2 proteins are inactive in healthy 
tissues to avoid any undesirable PCD that will hinder plant growth and 
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development.  It will be crucial in future experimentation to discern if 
Rps1-k-2 and Gmmc11 form long-living interaction complexes such as 
Apaf-1/Caspase-9/Bcl-Xl or interact only in response to stress or pathogen 
induced disease signaling. 
 
Tables 
 
Table 1. The Nucleotide Sequences Of Primers Used To Develop Baits 
For Yeast Two-Hybrid Screens 
 
Sequences to 
 
be amplified Primer Name Sequences 
ORF Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT 
Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
CC Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT 
Rps1k23CCR GCCGCTCGAGCCATGACAAGTTCTCCACTGC 
NBS Rps1k23NBSF CGCGGATCCGTAAAGCTCCATCAACATCTCTG 
Rps1k2NBSR GCCGCTCGAGTGATGTGGCTAGATCATGC 
LRR Rps1k23LRRF CGCGGATCCGTTCGAAGCTTATGTACTTGAG 
Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
CC-NB Rps1k2ORFF CGCGGATCCGTATGGCAGCAGCACTGGTCGGT 
Rps1k2NBSR GCCGCTCGAGTGATGTGGCTAGATCATGC 
NB-LRR Rps1k23NBSF CGCGGATCCGTAAAGCTCCATCAACATCTCTG 
 Rps1k2ORFR GCCGCTCGAGCTAAATCCATCTATTGCCAAC 
BamHI and XhoI recognition sites are in italics and underlined. 
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Table 2. Soybean Metacaspase Gene Family 
 
 
Label 
 
 
Gene Identifier 
 
 
Type 
 
Peptide 
Length 
 
LSD Prodomain 
Gmmc1 Glyma01g10880 1 364 Yes 
Gmmc2 Glyma08g45470 1 364 Yes 
Gmmc3 Glyma13g07870 1 383 Yes 
Gmmc4 Glyma08g19050. 1 323 No 
Gmmc5 Glyma08g07630. 1 318 Yes 
Gmmc6 Glyma15g05940. 1 338 No 
Gmmc7 Glyma08g07620. 1 173 No 
Gmmc8 Glyma08g07640 1 433 No 
Gmmc9 Glyma15g05960 1 405 No 
Gmmc10 Glyma13g07850 1 250 No 
Gmmc11 Glyma08g25150 2 424 No 
Gmmc12 Glyma15g31750. 2 415 No 
Gmmc13 Glyma08g25170. 2 415 No 
Gmmc14 Glyma15g30130. 2 326 No 
Gmmc15 Glyma08g17320. 2 351 No 
Gmmc16 Glyma19g30180. 2 322 No 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
 
 
Table 3.  Metacaspase Gene Expression Summary. 
 
 
 
Gene 
 
 
 
Tissue Expression Summary 
 
 
 
Disease Response Expression 
 
Gmmc1 Low expression.  Greater in roots than other tissues. 
Upregulated in susceptible cultivars 
inoculated with P. sojae 
 
Gmmc2 Low expression.  Greater in roots and nodules than other 
tissues. 
 
No significant changes in expression. 
 
Gmmc3 
 
Expression virtually absent. Upregulated in response to F. virguliforme inoculation. 
 
Gmmc4 
 
Low expression.  Greater in 
roots and flowers than other 
tissues. 
Downregulated in susceptible cultivars 
inoculated with P. sojae, Downregulated in 
response to F. virguliforme inoculation. 
 
Gmmc5 
 
Expression virtually absent. Strongly downregulated in response to F. virguliforme inoculation. 
 
Gmmc6 
 
Expression virtually absent. Strongly upregulated in response to F. virguliforme inoculation. 
 
Gmmc7 
 
No expression detected. 
 
No data available. 
 
Gmmc8 
 
Expression virtually absent. Upregulated quickly in response to F. virguliforme inoculation. 
 
Gmmc9 Very low expression, mostly in flowers. 
Downregulated initially in response to 
F. virguliforme inoculation. 
 
Gmmc10 
 
No expression detected. 
 
No significant changes in expression. 
 
Gmmc11 
 
Modest constitutive 
expression, higher in roots 
than aerial plant parts 
Downregulated in susceptible cultivars 
inoculated with P. sojae. Upregulated in 
response to F. virguliforme inoculation. 
 
Gmmc12 
Constitutively expressed, 
higher in roots than aerial 
plant tissues. Expressed in 
root nodules. 
 
Upregulated in response to F. 
virguliforme inoculation. 
 
Gmmc13 
Constitutively expressed, 
higher in roots than aerial plant 
tissues. Expressed in root 
nodules. 
Strongly downregulated in susceptible cultivars 
inoculated with P. sojae, Upregulated in 
response to F. virguliforme inoculation. 
34 
 
Gene Tissue Expression Summary Disease Response Expression 
Gmmc14 
 
Expression virtually absent. 
 
No data available. 
 
Gmmc15 
 
No expression detected. 
 
No data available. 
 
Gmmc16 
 
Low expression.  Greater in 
flowers and roots than other 
tissues. 
Downregulated in susceptible cultivars 
inoculated with P. sojae. Downregulated in 
response to F. 
virguliforme inoculation. 
 
 
 
 
 
Table 3. (continued) 
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Figure Descriptions 
 
 
Figure 1. Gmmc11 Is A Type II Metacaspase. 
 A, Predicted protein sequence of Gmmc11. CC50 sequence is 
underlined.  The sequence context (HYSGHG) of the catalytic histidine 
and that (DSCHSG) of the catalytic cysteine residue are shown in bold 
fonts. The predicted catalytic cysteine (C139) and the autocleavage sites 
Arginine (R187) and lysine (K271) are boxed. B. Gmmc11 consists of a 
p20 caspase- like subunit, a linker region and a p10 caspase-like subunit. 
 
Figure 2.  Prokaryotic Overexpression of Gmmc11 
 Sufficient quantities of pRSETC vector harboring the Gmmc11 or 
mutated Gmmc11/(C139A) protein was extracted and purified from DH10B 
cultures, following standard protocols, for transformation into the suitable 
expression host strain E. coli BL21(DE3)pLysS.  Induction of cultures was 
performed with IPTG following standard protocols detailed in the Invitrogen 
manual and SDS-PAGE gels were ran and stained with Coomassie blue to 
visualize protein expression. An N-terminal Histidine (6xHis) tag and 
Xpress epitome were added to the induced protein from the vector, 
accounting for roughly 3 kD of additional protein size. “Induced” lanes were 
harvested 4 hrs after IPTG induction, whereas “uninduced” were harvested 
immediately preceding IPTG injection.  Western blotting was performed 
following standard protocol, using the Invitrogen Xpress epitope antibody.  
Proteins were transferred onto a PVDF membrane.  Arrows point to 
processed Gmmc11 bands. 
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Figure 3. Gmmc11-Silenced Cotyledons Exhibit Enhanced Susceptibility to 
P. sojae. 
 Williams 82 cotyledons were transformed again with 
pART27_Gmmc11 or pART27_empty control on the petiole side of the 
cotyledon’s smooth surface. Seven days after transfection, a circular 
incision wound was created with a 10 µL pipet tip and 20 µL of a suspended 
P. sojae homogeneous spore solution at the distal end of the smooth surface 
of the cotyledon (the same side that was transfected).  Spread of disease 
symptoms were evaluated qualitatively for 2 weeks.  Cotyledons shown 
were 5 days post infection with P. sojae CC5C spore solution. 
 
Figure 4. Soybean Metacaspases Processed In Response To Abiotic 
And Biotic Stresses. 
 Samples were collected at 2 (2 h) and 4 hours (4 h) after 
infection of etiolated soybean hypocotyls with P. sojae race 18. 
Western blot was probed with the polyclonal anti-mcII-Pa antibody 
raised against Norway spruce mcII-Pa that showed cross reactivity to 
E.coli expressed recombinant Gmmc11. Arrows show the protein 
bands including p10 subunit that were accumulated following 
processing of metacaspases in etiolated hypocotyls following treatment 
with water droplets or infected with P. sojae race 18. White arrow 
heads in the left panel show the intact Gmmc11 bands. S, susceptible 
response; R, resistant response. W, cultivar Williams susceptible to the 
P. sojae race 18; W82, Williams 82 resistant to P. sojae race 18. 
 
Figure  5.  P10  Caspase-Like  Subunit  Of  Gmmc11 Interacts  With  Rps1-
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k-2  Coiled  Coil Domain. 
 Yeast colonies carrying combinations of Gmmc11 and its subunits 
with Rps1-k-2 and its domains and domain combinations were plated on SD 
plates containing: A) X-gal but no uracil, histidine and tryptophan; and B) 
no uracil, histidine, tryptophan and leucine. Colonies were individually 
suspended in µL sterile water, of which 1 µL was spotted onto the 
selectable plates.  Three individual domains of Rps1-k-2: (i) C-C, the N-
terminal CC domain; (ii) NBS, the NB-ARC domain; and (iii) LRR, the C-
terminal LRR domain, as well as two domain combinations: (i) C-C NBS,  
CC and NB-ARC domain combination; and (ii) NBS LRR, NB- ARC  and  
LRR  domain  combination; and  Rps1-k-2  ORF previously cloned into 
pLexA vector for screening the prey cDNA library were utilized in studying 
their in vivo interactions with Gmmc11. Gmmc11 ORF, p20, p10, and CC50 
cloned into the pB42AD vector were used in the interaction studies. 
pLEX-LAM, 400 bp human Lamin C protein in pLexA vector served as 
the negative control. 
 
Figure  6.  Phylogenetic Tree of Arabidopsis and Soybean Metacaspase 
Genes 
 Phylogenetic tree created with 16 putative soybean metacaspase genes, 
and 9 Arabidopsis metacaspases.  Created via Phylip algorithm based on a 
ClustalW pairwise alignment with neighbor-joining.  Pairwise alignment was 
created with consensus peptide sequences. 
 
Figure 7.  Gmmc11 Expression in Response to Abiotic Stress 
 RNA samples were prepared via the protocol listed in the materials and 
methods section.  Williams 82 soybean plants were treated with the stressors 
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listed above the gel picture.  Elf1b served as a standard control.  PCR 
program was varied from 40 to 30 cycles to better discern expression 
differences not attributable to PCR reaction dynamics.  Samples were 
harvested from young soybean plants grown in vermiculite for 7 days, then 
transplanted into 50 ml tubes with Murashige-Skoog (MS) media.  After 1 
day to become acclimated they were treated with the various stresses and the 
whole plant was harvested after 5 hours. 
 
Figure 8.  Gmmc11 Western Blot of Abiotic Treatment Experiment 
 Soybean seedlings were treated with the same abiotic stresses as in the 
RT-PCR experiments.  Tissues were harvested after 5 hours.  Total protein 
extracts were ran on a 15 % SDS-PAGE gel, transferred to PVDF membrane 
and probed with P10 and P20 antibody separately.  At bottom, total protein 
extracts are electrophoresed across SDS-PAGE gel and stained with 
coomassie blue for reference.   
 
Supplemental Figure 1. Reduced Steady State Gmmc11 Transcript Levels 
Following RNAi In Soybean Cotyledons 
 RNA was isolated from Williams 82 cotyledons transformed with 
the pART27GFP_Gmmc11 construct for silencing Gmmc11 or the 
pART27GFP empty vector. The samples in the right and left panels were 
from two independent experiments. Soybean Actin1 gene was amplified as 
an internal control to standardize the levels of individual RNA samples 
used in RT-PCR analysis. 
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CHAPTER 3.  GENERAL CONCLUSIONS 
 
 
General Discussion 
 
 
 The importance of R genes for soybean disease resistance can hardly 
be understated.  After identifying and cloning Rps1-k-2 as a gene necessary 
for race-specific resistance to P. sojae in soybean, the logical next step was to 
begin studying the signaling pathways the protein participates in.  Over 50 
interacting proteins have been identified by the lab, providing us with many 
potential avenues of investigation.  Metacaspases have been the focus of much 
research towards plant PCD since they were discovered in the 90s based on 
sequence homology with metazoan caspases.  In the manuscript presented in 
chapter 2, we provided evidence that a soybean R gene interacts with a type II 
metacaspase gene.  This finding could have major consequences for our 
understanding of how R genes confer disease resistance. 
 Our yeast two-hybrid and in vitro pull-down studies (unpublished 
results) confirm the interaction between Rps1-k-2 and Gmmc11.  The finding 
that they interact via the p10 subunit of Gmmc11 and the CC domain is 
intriguing.  The analogous relationship between Apaf-1 and Caspase-9 would 
lead us to predict an interaction at the N-termini (Yuan et al., 2010).  Due to 
the high homology of p10 subunits across the 16 member soybean 
metacaspase gene family it is possible that Rps1-k-2 interacts with several of 
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the metacaspase genes, and vice versa with the CC domains of other R genes. 
 Performing genetic analysis in soybean is greatly restricted by the 
difficulty in obtaining transformation lines, and RNAi-based strategies have 
been developed to study soybean genes.  Here we created binary vector 
transformed strains of Agrobacterium rhizogenes for transfection in soybean 
cotyledons following the protocol of Subramanian et al., 2005.  Soybean 
cotyledons were harvested after 7 days of growth in vermiculite in a conviron 
growth chamber and transfected.  Five to seven days following transfection, 
distal portions of the cotyledon are expected to experience gene 
downregulation.  We observed an increase in disease symptoms on normally 
resistant cotyledons transfected with Gmmc11-RNAi/A. rhizogenes.  Use of 
sequences from the linker region of Gmmc11 for the RNAi vector should 
increase the selectivity of the method for the target gene, but it is possible 
several metacaspases were downregulated. 
 Microarray data is becoming increasingly available for most of the 
organisms that are commonly studied.  Data is available for soybean genes at 
a number of locations (pLexDB, Genevestigator, Soybase).  After blasting the 
online soybean genome reference database at Phytozome.com we were able to 
identify a sixteen member metacaspase gene family.  We compared the 
microarray expression data for the soybean metacaspases against the nine 
Arabidopsis metacaspases, and found many similarities overall.  Interestingly, 
phylogenetic analysis indicated that soybean possesses 10 type I genes, 
whereas Arabidopsis has only 3, although only 4 of the soybean type I’s 
harbor LSD1 prodomains.  We found several soybean metacaspase genes 
including Gmmc11 that had expression profiles that suggested a role in 
disease resistance, albeit the expression differences were not extreme in most 
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cases. 
 
 
Recommendations for Future Study 
 
 
   At present there are two major models for how these resistance 
proteins operate.  The “guard hypothesis” proposes that the primary function 
of the large group of R genes is to observe the activity of key metabolic and 
defense pathways and to trigger hypersensitive response (HR), PCD and other 
defense mechanisms when normal cellular activity is significantly disrupted 
(Van der Biezen and Jones, 1998).  A related model that is growing in 
consideration is the decoy model, where certain genes mimic or act as decoys 
for the targets of pathogen effectors.  This model is really a modification of 
the guard model, with the R genes detecting the presence of effectors via their 
interaction with decoy genes that have high homology with pathogen effector 
targets but lack the activity of the targeted protein. 
 The second and older model is the “gene-for-gene hypothesis” 
developed by Henry Flor in the 1940s (Flor, 1942; Flor, 1955).  This theory 
states that pathogenicity-enabling genes, called virulence genes or effectors, 
are selected for in pathogen genomes while host genomes select for genes that 
can sense and albate the evolved activity of the pathogen effector.  
Avirulence(Avr) factors are the pathogen genes necessary for host detection 
and interaction in non-susceptible host varieties. Essentially the theory 
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represents a never-ending arms race or coevolution between host and 
pathogen.    
 Study of the signaling pathway that Gmmc11 and Rps1-k-2 participate 
in, along with increased knowledge of the protein-protein interaction between 
the pair will help plant researchers get a better grasp of which model carries 
more weight.  Rps1-k-2 as it stands represents a classic gene-for-gene example 
where evolution of the gene in a new cultivar of soybean confers resistance 
against P. sojae races that lack the necessary avirulence factor.  Should Rps1-
k-2 be found to modulate plant PCD through the CC-p10 interaction it would 
be a significant finding.  We hypothesize that Rps1-k-2 may act as a guard or 
sensor of metacaspase PCD activities. 
 Metacaspases have already been shown to be involved in plant PCD in 
several studies, the most significant being the study demonstrating that 
Arabidopsis type I metacaspases play a key role in regulating plant PCD (Coll 
et al., 2010).  Evidence is increasingly linking the functional roles for the plant 
metacaspases and metazoan caspases, which share low sequence homology 
but significant structural homology.  It has been shown that the caspases and 
metacaspases do not have similar enzymatic activity, as metacaspases cleave 
substrates with arginine and lysine in the P1 position whereas caspases strictly 
cleave peptides with aspartic acid in the P1 position (Vercammen et al., 2004).  
There is a potentially interesting connection between the well-studied caspase 
signaling pathway and the interaction of the soybean metacaspase and R gene.  
Caspase 9 is activated as a part of the apoptosome in virtually all animals via 
a gene similar to CED-4 or Apaf-1 that has a structure reminiscent of Rps1-k-
2.  To date no mechanism similar to the apoptosome has been found in plants, 
but many of the necessary elements for such a complex are present.  The next 
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step is to determine when the interaction between p10 subunit and CC domain 
occurs in vivo.  Is it a long-lived interaction complex, recruiting other PCD 
enabling and executing proteins?  Is it a complex that is triggered in the 
presence of a pathogen effector?   
 Metacaspase processing was shown to occur in Figure 4 shortly after 
pathogen entry, and the western blots also indicated some mild processing in 
the absence of stress.  It will be important in future experimentation to 
determine what kind of background level of processing is present in certain 
tissues relative to tissues under stress conditions.  To our knowledge there is 
only one known plant metacaspase target substrate in vivo (tudor 
staphylococcal nuclease; Sundstrom et al., 2009), so determining the 
metacaspase degradome in plants will be beneficial to elucidating the 
pathways it plays a role in, and comparing the degradome with that of the 
metazoan caspase degradome would provide insights to their evolutionary 
linkage. 
 Both Rps1-k-2 and Gmmc11 proteins are expected to be found in the 
cytosol.  In addition to determining the profile of their in vivo interaction, it 
will be important to fully study the localization and movement of these 
proteins.  We predict that metacaspases, after activation, will migrate to target 
subcellular locations to disassemble cytoskeletal or vacuole-associated 
structures or other vital cellular machinery as part of promoting the PCD 
program.  In vivo tagging and microscopy studies could aid in observing 
metacaspase movement.   
 Finally, it will be important to determine why some plants have greater 
numbers of type I metacaspases relative to type II, whereas others such as 
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Arabidopsis have more type IIs.  This is a very unexpected finding and when 
the functions of the various proteins are more fully described we may be able 
to predict what the consequences of having more of one or the other are on 
less well-studied organisms.  At present, the lab group is focused on collecting 
expression data from RT-PCR experiments to contrast with microarray data 
and to examine stress responses for the metacaspase gene family.  This work 
will bring us closer to understanding the various functional roles for the gene 
family members. 
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